The outlook for patients with double-outlet right ventricle has improved since the development of corrective operations. Late arrhythmic deaths after successful procedures have been reported; however, the magnitude remains unknown. This study was undertaken to identify the magnitude of late sudden death and the significant factors associated with it. From 1965 through 1985, 118 patients underwent corrective operation for double-outlet right ventricle; of these, 23 died in the hospital and six were lost to follow-up. The 89 remaining patients (52 male and 37 female) made up the study population. Their mean age (±+SD) was 10.3±7.8 years at the time of repair. The mean duration of follow-up was 82 months. Of the 22 late deaths, 16 (73%) were sudden. Eight (50%) of the sudden deaths occurred within 1 year of operation. Cox proportional hazards multivariate analysis revealed the following significant risk factors for late sudden death: older age at the time of operation, perioperative or postoperative ventricular tachyarrhythmias, and third-degree atrioventricular block. Factors not associated with late sudden death included year of operation, sex, type and number of associated cardiac anomalies, preoperative functional class, previous palliative procedures, surgical technique, perioperative or postoperative single premature ventricular contractions, and postoperative left or right bundle branch block with or without fascicular block. We conclude that the incidence of late sudden death after successful surgical repair of double-outlet right ventricle is very high. Complete corrective operation at an early age and aggressive diagnosis and treatment of arrhythmias and conduction defects after operation are warranted. (Circulation 1990;81:128-136) D ouble-outlet right ventricle (DORV) is a rare congenital cardiac anomaly that includes a diverse group of malformations sharing the common feature that both great arteries arise primarily from the right ventricle.12 The natural history and the clinical spectrum vary depending on the location of the ventricular septal defect (VSD), the presence or absence of pulmonary stenosis, and other associated cardiac anomalies.3,4 The overall outlook for patients with DORV has improved greatly since the development of corrective procedures. The surgical mortality has continued to decrease5A12; however, a distressingly high incidence of late deaths, some sudden, has been reported.9,10 The magnitude of this problem and associated causative factors are unknown. Therefore, we undertook a retrospective
D ouble-outlet right ventricle (DORV) is a rare congenital cardiac anomaly that includes a diverse group of malformations sharing the common feature that both great arteries arise primarily from the right ventricle. 12 The natural history and the clinical spectrum vary depending on the location of the ventricular septal defect (VSD), the presence or absence of pulmonary stenosis, and other associated cardiac anomalies.3,4 The overall outlook for patients with DORV has improved greatly since the development of corrective procedures. The surgical mortality has continued to decrease5A12; however, a distressingly high incidence of late deaths, some sudden, has been reported.9,10 The magnitude of this problem and associated causative factors are unknown. Therefore, we undertook a retrospective study to identify patients at risk for late death with special attention to the occurrence of sudden death.
Methods

Patient Selection
The clinical records of all patients who underwent surgical correction for DORV at the Mayo Clinic between January 1965 and December 1985 were reviewed. The Mayo Clinic served as a referral center for all patients reported in this study except for one native resident of Rochester, Minnesota. DORV was defined as both great arteries arising completely or almost completely (more than 50%) from the morphological right ventricle; mitralaortic or mitral-pulmonic continuity may or may not have been present.5,13-15 The diagnosis was made by angiography, echocardiography, or both and confirmed at operation for all patients. Patients with other cardiac anomalies seriously altering the hemodynamic and surgical characteristics of DORV were excluded from the study. These conditions included atrioventricular discordance, atrioventricular canal, univentricular heart, and DORV with subpulmonic VSD (Taussig-Bing anomaly). establish an unobstructed outflow tract from the left ventricle to the aorta through the VSD. This left ventricular outflow tract consists of a tunnel leading from the VSD to the aortic annulus; the tunnel is constructed using a patch of prosthetic material. If the VSD is restrictive, a wedge of septum is excised from its anterosuperior aspect to enlarge the VSD without injury to the conduction tissue. Pulmonary stenosis can be corrected by any of the following: 1) infundibular resection and pulmonary valvotomy, 2) patch enlargement of the right ventricular outflow tract, which may or may not extend across the pulmonary annulus into the pulmonary artery, or 3) placement of a valved external conduit. The respective indications for each type of reconstruction will not be discussed here.
Data Collection
For purposes of analysis, the variables to be studied were categorized into the following five major groups (Table 1) : clinical, hemodynamic, anatomic, surgical, and electrocardiographic. These were further divided into four time periods: preoperative, the time before operation; perioperative, within 24 (Figure 1 ), 23 (19%) died in the hospital before dismissal, and six were lost to follow-up. Thus, the 89 remaining patients made up the study population. The mean age (+SD) of the 89 patients at the time of operation was 10.3±7.8 years (range, 5 months to 39 years); 52 were male and 37 female. The mean duration of follow-up was 82 months for the patients who were alive at the conclusion of the study; the longest follow-up was 19 years. Forty-six patients had had prior palliative operation; 13 patients had had more than one procedure.
Among the 89 patients, 22 (25%) died after dismissal, and 67 survived. Of the 22 late deaths, 16 (73%) were sudden, and six were nonsudden. The mean age at death for the 22 patients with late death was 14.8 years. Of the 16 patients with sudden death, 11 were male and five were female. Among the six patients with nonsudden death, four died of progressive congestive heart failure, one of pneumonia, and one in a motor vehicle accident.
Among the 16 patients who died suddenly (Table  2) , five (cases 1-5) died during vigorous activity, nine (cases 6-14) died suddenly during routine activities, and in two (cases 15 and 16) , no information was available regarding their activities before death. At postmortem examination, three patients were found to have significant pathologic findings that were thought to be directly related to their death: two (cases 7 and 13) had dense fibrosis of the atrioventricular conduction system, and one (case 12) had a recurrent VSD due to a ruptured septal aneurysm resulting from an infarct caused by surgical interruption of the posterior descending coronary artery. One patient (case 6) had surgical third-degree atrioventricular block. Postoperatively, the patient had a junctional escape rhythm without any symptoms; a permanent pacemaker was not implanted. She died 4 months after operation. One patient (case 10) developed postoperative ventricular tachycardia, which was effectively treated with quinidine. The quinidine therapy was discontinued 2 years after operation, at which time he was completely asymptomatic; however, he died suddenly 2 weeks after quinidine was discontinued. One patient (case 11) was reported to have paroxysmal supraventricular tachycardia unresponsive to digoxin and propranolol; she died in the emergency room during tachycardia. The remaining three patients (cases 8, 9, and 14) of the nine patients who died during routine activities died suddenly at home while walking or watching television.
Survival analysis of late sudden death beginning after hospital dismissal and ending at mean follow-up (7 years) is shown in Figure 2 . The cumulative survival probability with respect to late sudden death (excluding the six nonsudden deaths) was 91% at 1 year and 80% at 7 years. The mean survival for the 16 patients who died suddenly was 26 months (range, 1 month to 7.5 years). Of the 16 patients who died suddenly, eight (50%) did so within 1 year of operation.
Univariate analysis of risk factors for late sudden death after successful repair of DORV showed the following significant factors: 1) older age at the time of operation, 2) elevated preoperative mean right atrial pressure and mean pulmonary arterial pressure, 3) preoperative supraventricular tachyarrhythmias, 4) perioperative and postoperative ventricular tachycardia or ventricular fibrillation, 5) perioperative and postoperative third-degree atrioventricular block, and 6) perioperative and postoperative atrial fibrillation or flutter.
The effect of age at operation on subsequent survival is shown in Figure 3 . Of the 55 patients who were younger than 12 years at operation, five died suddenly. Among the 34 patients who were 12 years old or older, 11 died suddenly. The difference in survival probabilities (88% vs. 67% at 7 years) was significant (p<0.04). Figure 4 shows the significant preoperative risk factors. The mean right atrial pressure was obtained in 81 patients; 12 of the 45 patients who had mean pressures of 8 mm Hg or more died suddenly (7-year survival, 70%), and only two of the 36 patients with a preoperative mean pressure less than 8 mm Hg died suddenly (7-year survival, 94%;p<0.02) ( Figure 4A ). Patients with mean pulmonary arterial pressures of 20 mm Hg or more had a higher incidence of sudden death (7-year survival, 76%) than those with mean pressures of less than 20 mm Hg (7-year survival, 92%; p<0.04) ( Figure 4B ). The difference in survival between patients with preoperative supraventricular tachyarrhythmia (7-year survival, 20%) and those without it (7-year survival, 85%) was highly significant (p<0.01) ( Figure 4C ). However, the number of patients in this group was small; among the 89 Follow-up, yr FIGURE 2. Graph of survival free from late sudden death after successful surgical correction of double-outlet right ventricle (Kaplan-Meier estimate). patients, only five had preoperative supraventricular tachyarrhythmia, and four of the five died suddenly. Figure 5 shows the effect of significant perioperative and postoperative arrhythmias on subsequent survival. Twenty-seven patients had ventricular tachyarrhythmias. Of the 27 patients, 25 had ventricular tachycardia (18 nonsustained and seven sustained), seven had ventricular fibrillation, and five had both. Nine patients died suddenly. The survival probabilities at 7 years were 65% and 87% for patients with and without these factors, respectively (p<O.O1) (Fig-1 at 7 years were 70% and 86% for patients with and without third-degree atrioventricular block, respectively (p<0.04) ( Figure 5B ). Among the five patients who died suddenly, three also had perioperative or postoperative ventricular tachyarrhythmias. Of the 11 patients who had atrial fibrillation or flutter, four died suddenly. The survival probabilities at 7 years were 41% and 83% for patients with and without atrial fibrillation or flutter, respectively (p<0.05) ( Figure SC) . Multivariate analysis showed that the following were significant risk factors for late sudden death: older age at the time of operation, perioperative or postoperative ventricular tachycardia or fibrillation, and third-degree atrioventricular block. The preoperative hemodynamic variables of mean right atrial pressure and mean pulmonary arterial pressure were not independent predictors for late sudden death, nor was perioperative or postoperative atrial fibrillation or flutter. Multivariate analysis was not applied to preoperative supraventricular tachyarrhythmia because of the small number of patients.
The factors that were not significantly associated with late sudden death were year of operation, sex, type and number of anatomic defects, preoperative functional class, prior palliative operation, surgical techniques, single premature ventricular contractions, and postoperative left or right bundle branch block with or without fascicular block. Among the above-mentioned variables, the location of VSD has been of surgical interest. Of the 118 patients undergoing complete repair of DORV, nine had doubly committed VSD, five had noncommitted VSD, and 104 had subaortic VSD. Of the patients with doubly committed and noncommitted VSDs, three of each group died in the hospital before dismissal, and one of each group died suddenly during follow-up. Discussion This study clearly shows the magnitude of late sudden death after corrective operation for DORV. Among the 89 patients who survived corrective operation, 22 (25%) had late deaths during a mean follow-up of 82 months. Sixteen of the 22 late deaths (73%) were sudden, and eight of the sudden deaths (50%) occurred within 1 year after operation. The most important risk factors for late sudden death in these patients were older age at the time of operation, perioperative or postoperative ventricular tachyarrhythmias, and third-degree atrioventricular block.
Sudden death after repair of congenital heart defects has been reported in patients with atrial and VSD,20 tetralogy of Fallot,2' 24 complete atrioventricular canal,25 and transposition of the great arteries.26-30 The incidence of sudden death in these patients ranged from 2% to 8% (2-5% in tetralogy of Fallot,21-24 2-8% in transposition of the great arteries,26-30 and 5% after intracardiac conduit repair of congenital cardiac defects31). The incidence of late sudden death (18% of all the surgical survivors) in patients with DORV is distressingly high, highest among all the previously mentioned postsurgical congenital heart diseases.
Embryologically, DORV arises from the lack of conotruncal inversion and failure of ventricular shift.315 It always is associated with other cardiac malformations; hence, intracardiac operation is more complex. Early postoperative mortality is associated with the complexity of other associated anomalies,32,33 surgical techniques,34 and the very young age of the patients.10 Our study reveals the late mortality in these patients.
Older age at the time of operation is a significant risk factor for late sudden death. Other causes of late sudden death are likely to be high-grade conduction defects and malignant ventricular arrhythmias. These causes can be attributable to the long-standing preoperative myocardial changes,35 which are aggravated by incision and suturing of the septum, ventricular wall, and coronary arterial tributaries. [36] [37] [38] [39] [40] [41] [42] Although early operation may be beneficial from the standpoint of late sudden death, operation during infancy and early childhood for complex anomalies has been associated in former years with high operative mortality.1031 The issue of preferred age for corrective intervention is complex. The current recommendation of early individualized palliative management and elective corrective operation43-45 is supported by our long-term follow-up findings for patients with DORV.
Univariate analysis revealed that preoperative supraventricular tachycardia is a strong predictor for late sudden death. (Multivariate analysis was not performed for this factor because of the small number of patients.) Only five patients had preoperative supraventricular tachyarrhythmia, four of whom died suddenly. Of these four patients, one also had early postoperative ventricular tachycardia, and two were being treated for supraventricular tachyarrhythmia at the time of death. Although the underlying mechanism is not entirely clear, the onset of supraventricular tachyarrhythmia in congenital heart disease is thought to be related to increased atrial pressure resulting in atrial dilatation and myocardial fibrosis, which cause chronic supraventricular tachyarrhythmias./6-48
The presence of ventricular arrhythmias in patients with congenital heart disease is associated with high mortality. An incidence of sudden death of 30-38% has been noted after repair of tetralogy of Fallot in patients who had premature ventricular contractions on the resting, stress, or ambulatory electrocardiogram.224950 Our study has shown that the presence of ventricular tachyarrhythmias during the perioperative and postoperative periods is strongly associated with late sudden death. However, the presence of single premature ventricular contractions during the same period is not associated with an increased risk of late sudden death.
In long-term follow-up studies, significant mortality (60-80%) has been reported in patients with postoperative heart block not treated with pacemakers. 51 Early mortality is believed to be predominantly associated with the complexity of coexisting anatomic defects and the severity of irreversible preoperative physiologic derangement.7,12 The risk factors for late sudden deaths (third-degree atrioventricular block and ventricular tachyarrhythmias, as identified in our present study) can be complications of operation in the presence of preoperative myocardial change, which may manifest itself only by late sudden death during the follow-up period.
Limitations and Clinical Implications
Our study is limited by the retrospective nature of the data collection. Evaluation and monitoring techniques varied during the time that these patients had operation and follow-up. Nevertheless, the incidence of late sudden death after successful repair of DORV is clearly one of the highest among patients with congenital heart disease. Of the total number of late deaths (22 patients), 73% were sudden, presumably due to an arrhythmia. Older age at the time of operation, perioperative and postoperative ventricular tachyarrhythmias, and third-degree atrioventricular block are significant risk factors for predicting late sudden death. These results warrant early repair of DORV, between 2 and 4 years of age,4445 in an effort to minimize the myocardial damage that may predispose to postoperative arrhythmias and sudden death. Complete and early postoperative evaluation, including electrocardiography, treadmill exercise testing, transtelephonic monitoring, ambulatory electrocardiography, and possibly programmed stimulation testing, should be considered for the high-risk patient. Patients with transient perioperative and postoperative third-degree atrioventricular block should be monitored closely and considered for pacemaker implantation.
